compromising their health, would ideally be non-invasive. (Kreiner et al., 1987; Chui et al., 1997) and c-kit ligand (Smikle et al., 1998) , with Reproduction technologies could be improved by the develoocyte/embryo quality, fertilizability and pregnancy outcome.
, steroid hormones (Kreiner et al., 1987; Chui et al., 1997) and c-kit ligand (Smikle et al., 1998) , with Reproduction technologies could be improved by the develoocyte/embryo quality, fertilizability and pregnancy outcome.
opment of methods to evaluate oocyte or embryo quality in
The predictive value of looking directly at cumulus or oocyte a non-invasive, quantitative manner. Since human embryos morphology as a gauge for reproductive success has been secrete a factor that inhibits granulosa cell progesterone reported (Testart et al., 1983; Veeck, 1988 ; Mahadevan and production, an interspecies bioassay was established to Fleetham, 1990 ; Van den Bergh et al., 1995) ; however, investigate whether the presence of this progesteroneothers have found no predictive value (Balaban et al., 1998 ; inhibitory factor (PIF) in human embryo-conditioned Rattanachaiyanont et al., 1999) , bringing into question the (HEC) media is related to the health and developmental efficacy of using this widespread 'predictive' parameter in capacity of the embryos. Oocytes were microsurgically IVF centres.
removed from oocyte-cumulus complexes isolated from
Markers for embryo assessment have also been investigated superovulated mouse ovaries, and the oocytectomized comfor their ability to predict IVF success. Positive correlations plexes were cultured in HEC media in the presence of have been found between morphological scoring of embryos follicle stimulating hormone and testosterone. Progesterone and pregnancy outcome (Shulman et al., 1993 ; Visser and accumulation in the media was determined by radio- Fourie, 1993) . Biochemical markers have also shown promise immunoassay. Despite the potential limitations of very in prediction of pregnancy: O 2 consumption (Magnusson et al., small volumes of HEC media to evaluate, and the need to 1986), pyruvate uptake (Leese et al., 1986; Hardy et al., 1989 ; freeze these media at the source, the bioassay was able to Conaghan et al., 1993) , glucose uptake (Hardy et al., 1989) , detect PIF activity in HEC media. Most embryos produced immunosuppressive activity (Jones et al., 1992) and embryo-PIF activity, but the degree of inhibition was not correlated derived platelet-activating factor (O'Neill et al., 1987) . with the ability of oocytes to be fertilized, nor with embryo
The discovery of factors secreted by the oocytes of various morphology or ability to cleave and develop after transfer.
mammals (e.g. mice, rats, pigs) raised the possibility of using These results demonstrate that secretion of PIF by human these molecules as markers for oocyte quality and embryo embryos can be measured by this bioassay and that human developmental capacity. Oocytes secrete a factor that is essen-PIF can inhibit murine granulosa cell steroidogenesis; tial for cumulus expansion (cumulus expansion enabling factor, however, PIF activity is not correlated with human embryo CEEF); cumulus cells cultured in the absence of oocytes will quality or developmental competence. not produce hyaluronic acid or undergo expansion (Buccione Key words: bioassay/cumulus granulosa cells/embryo quality Salustri et al., 1990) . Oocyte-secreted factors progesterone-inhibitory factor/steroidogenesis have also been shown to promote the proliferation of granulosa cells (Vanderhyden et al., 1992; Lanuza et al., 1998) and to regulate steroid hormone production by granulosa cells Introduction . Of particular interest has been the observation that a progesterone-inhibitory factor (PIF) is The identification of variables that are linked with in-vitro fertilization (IVF) success would be beneficial in predicting secreted by human zygotes (Seifer et al., 1996) . In mice, PIF has been found to be constitutively secreted throughout oocyte pregnancy outcome and for enabling modification of IVF strategies to maximize odds for success. It is important to development (Vanderhyden and Macdonald, 1998) and at least up to the zygote stage . The presence select the most viable oocytes/embryos (i.e. those most likely to develop into healthy fetuses and reach term) for transfer of this factor during oocyte development suggests that it plays an important role in the prevention of premature luteinization and to keep the transfer number small, to increase pregnancy rates and decrease the risk of multiple gestations with conof the follicle. A defect in the oocyte that impeded PIF procedures, were evaluated. These samples were generated from the secretion would affect follicular growth and reduce the health were used. OCC were isolated from the antral follicles of PMSGFor oocytes fertilized by intracytoplasmic sperm injection (ICSI), treated mice, and oocytes were denuded by repeated pipetting with a OCC were collected from follicular aspirates and cultured for 2-3 h Pasteur pipette. Denuded oocytes were then washed twice in WAYin the same conditions as for IVF. The oocytes were subsequently FBS. To produce oocytectomized cumulus complexes (OOX), oocytes denuded of cumulus cells, and their maturity was assessed immediately were microsurgically removed from OCC using a micromanipulation under a stereomicroscope. The oocytes were further cultured in 20 apparatus and the procedure for oocytectomy as described previously µl drops of HTF-BSA for 1-2 h, after which ICSI was performed . on all MII oocytes (as assessed by absence of germinal vesicle and presence of polar body) using motile spermatozoa isolated by density Culture of intact and oocytectomized complexes gradient centrifugation. Injected oocytes were assessed 18 h after Cumulus expansion injection for fertilization and were individually cultured for 42 h
To assess the presence of CEEF in HEC media, OCC and OOX were before transfer. cultured in 50 µl drops of frozen-thawed HTF (control) or HEC The use of a composite embryo score, consisting of the product of medium supplemented with 5% FBS and follicle stimulating hormone cell number and morphological quality, has been reported previously (FSH) (NIADDK-oFSH-19; 300 ng/ml) under washed mineral oil as a tool to select high-grade embryos (Joesbury et al., 1998) and, (Fisher Scientific, Fair Lawn, NJ, USA) in 35 mm Petri dishes therefore, a similar composite score was used in this study. The (Falcon; Becton Dickinson and Co., Franklin Lakes, NJ, USA). Since morphological quality and stage of embryo growth were assessed the embryos were cultured in only 20 µl, the HEC media samples qualitatively at 42 h after insemination. Embryo morphology was were diluted 2.5-fold in HTF to generate the 50 µl drops. To confirm graded with a score of 1-5 according to blastomere quality and level the ability of OOX complexes to expand in the presence of CEEF, of fragmentation: grade 5 ϭ regular blastomeres and no anucleated some drops of OOX included 10 denuded mouse oocytes. The fragments; grade 4 ϭ regular blastomeres and Ͻ25% fragmentation; complexes were cultured for 16 h at 37°C in 5% CO 2 :5% O 2 :90% grade 3 ϭ regular or irregular blastomeres and Ͻ25% fragmenta-N 2 and then assessed for the degree of cumulus expansion using a tion; grade 2 ϭ regular or irregular blastomeres and 25-50% subjective scoring system that ranges from 0 (no response) to ϩ4 fragmentation; and grade 1 ϭ regular or irregular blastomeres and (maximal expansion) as described previously . Ͼ50% fragmentation (Rattanachaiyanont et al., 1999) . Points for embryo cell number (growth) were given according to the number of Steroid regulation Since HEC media samples were frozen at the source, initial expericells observed up to the 4-cell stage (e.g. 2-cell embryo was given a score of 2). Embryos with a cell number of five were given 3 points ments were conducted to ensure retention of the ability of granulosa cells to produce progesterone in frozen-thawed media. Two OCC or and those embryos with a number of cells greater than six were given scores of 2. Embryos of good quality were considered to be those OOX were cultured in 50 µl drops of HTF-FBS per well of 96-well plates (Costar; Corning Costar Corp., Cambridge, MA, USA). In that had achieved at least a 4-cell stage with a morphological quality of at least grade 3 (e.g. score ϭ 12). The minimum score that could addition, limited volumes of HEC media (20 µl per embryo) were available; thus, the ability to detect differences between OCC and be given was 1, and the maximum was 20.
Embryos were transferred 48 h post-retrieval and were selected for OOX needed to be established by determining appropriate culture conditions. To determine the minimum culture volume at which PIF transfer on the basis of the combined embryo score of morphological quality and growth. The remaining spent (HEC) media from both activity could be detected, two OCC or OOX were cultured in a volume of 20 to 350 µl of HTF-FBS per well of 96-well plates. To oocytes (failed fertilization, n ϭ 44) and embryos (n ϭ 47) were immediately frozen at -20°C until use in experiments. In total, 91 determine the optimal number of complexes to be cultured in the appropriate volume of medium, a range of one to 10 OCC and OOX samples of HEC media from individually cultured oocytes and embryos, resulting from either IVF (n ϭ 38) or ICSI (n ϭ 53)
were cultured in 100 µl of HTF-FBS media. For all experiments measuring steroid production, complexes were cultured in the presence of FSH (150 ng/ml) and testosterone (Sigma; 500 nmol/l) to promote Figure 1 . Progesterone production by mouse oocyte-cumulus progesterone production. After 48 h, the culture media were collected complexes (OCC) and oocytectomized (OOX) complexes cultured and stored at -20°C until assayed for progesterone using a radioin fresh and frozen-thawed human tubal fluid (HTF) media. immunoassay that has been described and validated for direct measureComplexes were cultured in the presence of 5% fetal bovine serum, ment (Daniel and Armstrong, 1984) . In the initial experiments, the 150 ng/ml follicle stimulating hormone and 500 nmol/l testosterone for 48 h. Values are mean Ϯ SEM for three experiments. optimal culture conditions for the bioassay were determined to be *Significantly different (P Ͻ 0.05) from OCC. the culture of two complexes in 100 µl of culture medium; therefore, these conditions were then used to bioassay the HEC media for expand in the presence of denuded oocytes, HEC media failed progesterone inhibitory activity.
to support expansion of the OOX complexes. With this inability
To assess the effects of HEC medium on progesterone production, as well as the effectiveness of HEC media following 5-fold dilution, to detect CEEF in HEC media under these conditions, the two OOX were added to either 100 µl of pooled HEC media (same remaining experiments focused on the detection of PIF in the patient) or 20 µl of pooled HEC media diluted to 100 µl with HTF.
HEC media.
These media were supplemented with 5% FBS, 150 ng/ml FSH and 500 nmol/l testosterone and the complexes were cultured for 48 h.
Potential limitations on the assessment of HEC media
The culture media were then stored at -20°C until assayed for
The first potential limitation in testing the HEC media was progesterone. Progesterone accumulation in the HEC media were the necessity to freeze the media, which could impact on the compared with the progesterone production by two OOX cultured in ability of the media to support steroidogenesis. OCC produced frozen-thawed control (HTF) media under identical conditions, and significantly less progesterone compared with OOX complexes the degree of HEC media-induced changes in progesterone production for both media groups (Figure 1 ; P Ͻ 0.05). There was no were compared with the ability of the oocytes/embryos that were significant difference in progesterone production between the cultured in that medium to be fertilized, to undergo cleavage, to fresh and frozen-thawed media groups. Therefore, freezing develop into morphologically healthy embryos, and to establish pregnancy.
the HTF medium did not impair its ability to support the steroidogenesis of murine cumulus complexes.
Statistical analysis
The second potential limitation involved in the assessment All experiments were performed at least three times, with different of the HEC media was culture volume. Due to the small pools of ovaries and at least two replicates per pool. When comparing volumes of HEC media (20 µl) used to culture each embryo, multiple groups, data were expressed as mean Ϯ SEM, and statistical it was necessary to determine the minimal culture volume that comparison was made using analysis of variance with the Newmancould be used to avoid significant dilution of the HEC, Keuls test for multiple comparisons. Statistical comparisons of two and without affecting the health and, as a consequence, groups were made using unpaired, two-tailed t-tests for normal steroidogenic ability of OCC and OOX. In order to identify distributions and non-parametric, Mann-Whitney t-tests for nonthe minimum culture volume, two OCC or OOX were cultured Gaussian distributions (e.g. non-fertilized versus fertilized, nonin a range of volumes from 20 µl to 350 µl HTF media for pregnancy versus pregnancy). Statistical significance was inferred at P Ͻ 0.05. 48 h (Figure 2A) . Concurrent with the increase in culture volume was a dramatic (5-fold) increase in FSH ϩ testosteronestimulated progesterone production by both OCC and OOX Results (OCC, from 1.7 Ϯ 0.3 to 8.3 Ϯ 1.1 ng/complex; OOX, Assaying for cumulus expansion-enabling factor in HEC from 5.3 Ϯ 1.2 to 26.3 Ϯ 6.7 ng/complex). However, for media each culture volume, OOX produced significantly greater amounts of progesterone than OCC (P Ͻ 0.05). Since cultures To test for the presence of CEEF in HEC media, mouse OCC and OOX were stimulated with FSH in 50 µl drops of HTF in 100 µl generated a large difference between OCC and OOX in their progesterone production with a relatively low level of or HEC media (Table I) . As expected, OCC underwent cumulus expansion to near-maximal levels (ϩ3 to ϩ4), whereas OOX variability, this volume was determined to be the optimal culture volume. cultured in control HTF did not expand. Although OOX could Figure 3 . Progesterone production by OOX complexes cultured in 100 µl pooled HEC (e.g. A 100 ) media or in 20 µl of the pooled HEC media diluted to 100 µl (e.g. A 20 ). HEC media were obtained from three different patients (A, B and C). OCC and OOX cultured in HTF were used as controls. Complexes were cultured for 48 h in the presence of 5% FBS, 150 ng/ml FSH and 500 nmol/l testosterone. *Significantly different from OCC (P Ͻ 0.05).
was established as the culture of two complexes per 100 µl medium.
Effect of HEC media on murine cumulus cell progesterone production
To test the effects of dilution of HEC media on murine cumulus cell progesterone production, two OOX were cultured in a total volume of either pooled (100 µl) (same patient) or diluted (20 µl of the same pooled samples diluted to 100 µl with HTF media) HEC media for 48 h. Control OOX, cultured in 100 µl HTF, produced significantly (P Ͻ 0.05) more progesterone per complex than OCC, which were 20% of OOX control. For three patients (A, B, C), HEC media inhibited progesterone remaining HEC media samples were tested for their ability to regulate progesterone production by OOX.
Bioassay of HEC media and relationship between PIF activity
Upon finding the ideal volume to culture cumulus complexes, and embryo developmental capacity it was necessary to determine the optimal number of complexes that could be cultured in the same volume for the bioassay.
There was tremendous variability in progesterone regulatory activity among HEC media samples (n ϭ 91; Figures 4 To do this, one to 10 OCC or OOX were cultured in 100 µl of frozen-thawed HTF media for 48 h. FSH-and testosteroneand 5), with the effects ranging from stimulation (182% of progesterone production by OOX complexes in control stimulated progesterone production for OCC and OOX dramatically decreased as the number of complexes per well increased medium), to the greatest inhibition at 11% of control. However, the vast majority (92%) of samples elicited some degree of ( Figure 2B) ; however, the production of progesterone by OOX was significantly greater (P Ͻ 0.05) than OCC with all complex inhibition, whereas only four samples showed stimulation. No correlation (r ϭ -0.013) was found between the level of numbers. The culture of two complexes in 100 µl culture media yielded a significant difference between FSH-and progesterone production by OOX in HEC media from cultured embryos and the embryo score for the embryos cultured in testosterone-stimulated progesterone production of OOX and OCC with relatively low variability; therefore, the bioassay that medium (Figure 4) . The embryo scores, derived from assessment of embryo morphology and growth, ranged from a minimum score of 1 to a maximum of 20. The degree of variability for progesterone inhibition by HEC media was similar for all embryo scores, suggesting that PIF activity does not change with improved embryo quality. A comparison of embryo morphology or cell number independently with PIF activity found no correlation, indicating that PIF activity is not influenced by embryo morphology or growth (data not shown). Figure 5A shows the progesterone production (% of control) of OOX complexes cultured in HEC media grouped according to the absence or presence of normal fertilization of the oocytes tended to be less effective in suppressing progesterone production than IVF-fertilized oocytes (median ϭ 60 versus 35.5% of control respectively). Discussion Of the total number of embryos (n ϭ 37) that were transferred into the 25 patients, seven were among the transferred embryos
The experiments reported here identify the optimal conditions for a bioassay that can be used to determine quantitatively the that resulted in five pregnancies (one from ICSI; four from IVF). A comparison of HEC media samples from embryos activity of the progesterone-inhibitory factor produced by human oocytes and embryos. Despite the potential restrictive that were transferred in non-pregnant cycles versus pregnant cycles revealed no significant difference in their ability to limitations of very small volumes of culture medium to evaluate, and the need to freeze this medium at the source, inhibit murine cumulus cell progesterone production (median: 58.5 and 32% respectively; Figure 5B) . the bioassay could be used to measure the progesterone suppressive activity in human oocyte/embryo-conditioned with a large difference between OOX and OCC progesterone production, thus allowing for a large range within which media. Most embryos produced the factor(s) that inhibited progesterone production, but the degree of inhibition did not progesterone inhibition could be observed and a minimal dilution of HEC media. correlate with the ability of the oocytes to be fertilized, nor with embryo morphology or their ability to cleave or develop
In these studies, PIF activity was detected in HEC media, suggesting that human oocytes and embryos are capable of after transfer.
Human oocyte/embryo culture media failed to enable secreting a factor that can regulate murine granulosa cell steroidogenesis. We have shown previously that PIF is secreted cumulus expansion of murine OOX cumulus complexes. CEEF has been shown to be secreted by meiotically competent by human zygotes; zygotes co-cultured on monolayers of human granulosa cells suppressed granulosa cell progesterone oocytes of various mammalian species (e.g. mice, rats, pigs) Van- and oestradiol production (Seifer et al., 1996) , suggesting human germ cell influence on granulosa cell activity. Mouse derhyden, 1993), and the factor appears to act across species; i.e. pig and rat oocytes secrete a factor that enables the oocytes secrete PIF throughout follicular development, from mid-growth to full-grown stages as well as ovulated oocytes expansion of mouse OOX complexes . Murine zygotes have been shown to secrete CEEF, although and zygotes (Vanderhyden and Macdonald, 1998) , although later stages of embryonic development have not yet been the degree of expansion that they elicit is below maximal . The absence of any response from examined. It is possible that secretion of PIF by human embryos is the continuation of its constitutive production HEC media upon OOX complex expansion may be explained by an insufficient amount of CEEF, since only one embryo during oocyte development. The observations that mouse , conditioned 20 µl of media, whereas previous studies have used two oocytes/embryos to condition each µl of media pig (Coskun et al., 1995) , Xenopus (Sretarugsa and Wallace, 1997) and human oocytes (Seifer et al., 1996 , and this . It is also possible that the human CEEF, if one exists, cannot enable the expansion of murine study) can regulate granulosa steroid hormone production may explain, at least in part, the 'directing' influence of the oocyte cumulus cells. Although this assay system was unable to detect CEEF, future identification of the biochemical nature of CEEF upon follicular development that has been reported previously (Wallace, 1983; Hubbard and Erickson, 1988) . Secretion of may permit its detection in HEC media, with the potential to develop assays of greater sensitivity.
PIF by oocytes likely inhibits premature luteinization of granulosa cells since the presence of PIF inhibits both progesIn both fresh and frozen-thawed media, OOX complexes produced significantly greater amounts of progesterone than terone production and the induction of luteinizing hormone receptors (Eppig et al., 1997) . Since follicular fluid contains OCC, confirming our previous findings Vanderhyden and Tonary, 1995) that murine oocytes a factor that prevents luteinization of granulosa cells (LedwitzRigby and Rigby, 1979) , measurements of this factor in secrete a factor which inhibits progesterone production by granulosa cells. Freezing the culture media (for up to 8 weeks) follicular fluid may be a viable alternative to the bioassay described in this study. It is possible that defects in oocyte or had no effect on the ability of the media to support progesterone production by murine OOX complexes. embryo function could impair the secretion of PIF, thus contributing to conditions that potentially cause infertility, The optimal bioassay conditions were determined by identifying the minimum culture volume and minimum number of such as unruptured follicle syndrome or unexplained anovulatory cycles. OOX complexes that could be used while retaining the ability to produce progesterone at levels that could be influenced by Since ovarian production of progesterone increases during the preimplantation stages of human embryo development, the the presence of oocytes or oocyte-conditioned media. For volume experiments, a 17-fold increase in culture volume role of embryo-secreted PIF is unclear. Studies have shown that high concentrations of progesterone adversely affect embryo resulted in a 5-fold increase in progesterone accumulation by both OCC and OOX. All culture volumes enabled a significant quality and IVF pregnancy rates. Premature luteinization with increased progesterone concentrations negatively affects difference between OCC and OOX in their progesterone production, although a large difference, along with a low oocytes, leading to a reduction in their fertilizability (Schoolcraft et al., 1991) . A subtle rise in serum progesterone variability, was observed for 100 µl, identifying that volume as optimal for the bioassay. An increase in the number of concentrations during the follicular phase has also been associated with reduced implantation rates (Harada et al., 1995) . cumulus complexes per well resulted in an overall decrease in progesterone production per complex. A similar trend was Embryonic secretion of progesterone inhibitory factors may be a mechanism to maintain at least local progesterone concendemonstrated (Bar-Ami and Khoury, 1994) when changing the cell-plating density of cumulus cells in culture, and progestertrations at reduced levels. Regardless of its possible functions, the demonstration of one production was found to decrease with a concurrent increase in cell-plating density. These results suggest the PIF secretion by human embryos enabled the establishment of a non-invasive bioassay with the aim to correlate the amount possible presence of a progesterone concentration threshold at which negative feedback regulation of progesterone production of factor secreted by embryos to their developmental capacity. The variability in the degree to which HEC media inhibited by cumulus granulosa cells occurs. The particular culture conditions chosen as optimal (two complexes, 100 µl) were progesterone production by cumulus cells suggests that individual oocytes/embryos produce different amounts of PIF or due to the relatively low variability observed in combination
